proper disjunction of homologous chromosomes in meiosis I. The normal viability of spores produced by cells lacking Mad3 prompted us to ask if this protein was disSummary pensable for the spindle checkpoint in meiosis. The spindle checkpoint responds to two types of defect: the Cell cycle checkpoints sense defects in chromosome failure of kinetochores to bind to microtubules and the metabolism, halt the cell cycle, and activate pathways failure of homologous kinetochores to attach to oppothat repair the defects. The spindle checkpoint arrests site poles of the spindle and produce tension on the the cell cycle in response to defects in the interaction kinetochore-microtubule linkage. In mitotic cells, both between microtubules and kinetochores (the proteinMad2 and Mad3 are needed to stop the cell cycle in aceous complex assembled on centromeric DNA), but response to defects in kinetochore-microtubule attachno repair function has been demonstrated for this Figure 2B ). We monitored segregation of chromosome repeats very close (2.1 kb) to the centromere of chromosome VIII [20] . Cells of the indicated genotype were IV in cells expressing CDC20-127 using a GFP tag and found there was no defect in segregation, confirming induced to enter meiosis, and fixed and prepared for indirect immunofluorescence against ␣-tubulin (to identhat CDC20-127 does not cause meiosis I or meiosis II nondisjunction (data not shown). These observations tify metaphase I spindles) and GFP (to identify the LacI-GFP fusion); DNA was stained with DAPI. We defined suggest that Mad2's role in chromosome orientation does not involve Cdc20 and strengthens our conclusion cells as being in metaphase if they had a single DNA mass and a short spindle, and we defined GFP as sepathat the inability of the checkpoint to delay anaphase does not directly affect the rate or extent of chromosome rated if there was no overlap between the two dots. 
Table 1. Mad3 Is Not Required for Homolog Segregation in Meiosis I
Cartoon showing wild-type chromosome segregation and nondisjunction of one or two chromosomes. Nondisjunction of one homolog results in two dead spores, and nondisjunction of two (or more) homologs to opposite poles can result in four dead spores. Homozygous spindle checkpoint mutants were sporulated and tetrads were dissected to determine the distribution of spore viability in wild type (wt, MAS651), mad2⌬ (MAS650), and mad3⌬ (MAS 882) tetrads. The fraction of four-spored tetrads in mad2⌬ mutants is significantly different from wild type and mad3⌬ (p Ͻ 0.001, 2 test).
junction [1] , suggesting that the delay gives homologs meiosis I nondisjunction, as is observed in mad2⌬ mutants for chromosome VIII in 11% of meioses [1] . These more time make bipolar attachments. In meiosis I, microtubule-dependent forces stretch the linkage between observations suggest that Mad2, but not Mad3, affects biorientation of homologs in meiosis I. Since the mad3⌬ the homologs and visibly separate the centromeres of the two homologs [13] . The centromeres fail to separate cells are defective in the spindle checkpoint, the difference in chromosome orientation between them and the if both homologous kinetochores attach to the same pole or if one homologous kinetochore fails to attach to mad2⌬ cells cannot be due a difference in the timing of meiotic events between the two mutants. either pole [14, 15] . Centromere behavior can be observed directly by using a GFP-Lac repressor fusion
The spindle checkpoint prevents anaphase by interacting with Cdc20, an activator of the anaphase-promot-(GFP-LacI) to visualize Lac operator repeats integrated very close to a centromere [16, 17] . When two homoloing complex (APC). Mutations in Cdc20 that prevent Mad2 binding dominantly abrogate the spindle checkgous chromosomes are attached to opposite spindle poles, the pulling force on the kinetochores visibly sepapoint [21, 22] . We wondered if Mad2 influenced homolog biorientation through this target, so we looked at interrates the GFP dots that mark opposing centromeres [18, 19] in more than half of the cells (Figure 2A ). This stretch centromere stretching in a checkpoint-defective CDC20 allele [21] . We find that homologous intercentromeres occurs without separation of the chromosome arms [13] and can be reversed by depolymerizing the microtuare separated in 80% of metaphase I cells expressing CDC20-127, which does not differ significantly from the bules [18] . We monitored homolog biorientation in mad2⌬ and mad3⌬ mutants by integrating Lac operator separation observed for mad3⌬ mutants and wild-type ( Figure 2B ). We monitored segregation of chromosome repeats very close (2.1 kb) to the centromere of chromosome VIII [20] . Cells of the indicated genotype were IV in cells expressing CDC20-127 using a GFP tag and found there was no defect in segregation, confirming induced to enter meiosis, and fixed and prepared for indirect immunofluorescence against ␣-tubulin (to identhat CDC20-127 does not cause meiosis I or meiosis II nondisjunction (data not shown). These observations tify metaphase I spindles) and GFP (to identify the LacI-GFP fusion); DNA was stained with DAPI. We defined suggest that Mad2's role in chromosome orientation does not involve Cdc20 and strengthens our conclusion cells as being in metaphase if they had a single DNA mass and a short spindle, and we defined GFP as sepathat the inability of the checkpoint to delay anaphase does not directly affect the rate or extent of chromosome rated if there was no overlap between the two dots. 
test). (C) Representative fluorescence images of separated GFP dots in wild-type and mad3⌬ cells, and unresolvable GFP dots in mad2⌬ cells. chromosome segregation is detected by GFP-tagged
The kinetics of biorientation in wild-type, mad2⌬, and mad3⌬ cells was determined by quantifying the percent chromosomes, and in mitotic cells (B. Stern and A.W.M., unpublished data). In addition, the meiosis I nondisjuncof stretched homologs at different times after microtubule poisons were removed. At the earliest time point tion that occurs in mad2⌬ mutants increases strongly with chromosome length, and it is hard to see how chro-(T ϭ 0), the fraction of bioriented homologs was not significantly different in mad2⌬, mad3⌬, or wild-type mosome length would be correlated with the probability of microtubule attachment to a kinetochore [1] . Instead, cells ( Figure 3B ). The high percentage of bioriented homologs at T ϭ 0 reflects the biorientation that occurs we favor the idea that large chromosomes are more likely to be attached to one another far from the centroduring the 15 min needed to remove microtubule poisons. After 10 min, 85% of homologous centromeres mere, a situation known to lead to nondisjunction [24] .
To test the hypothesis that the absence of Mad2 dewere stretched in wild-type and mad3⌬ cells, whereas mad2⌬ cells did not achieve 85% biorientation until 20 creases the rate of biorientation, we asked how fast chromosomes become bioriented in meiosis I in wildmin later. These data suggest that the absence of Mad2 affects homolog biorientation in meiosis I by reducing type, mad2⌬ mutants, and mad3⌬ mutants. Measuring the rate of biorientation is difficult, as cells enter meiosis the rate at which homologs are bioriented in metaphase I. Although the difference in rate appears modest, it is I quite asynchronously. We therefore arrested cells as they reached metaphase, depolymerized their spindles, likely to be strong. The approximately 15% difference in chromosome biorientation observed for 20 min would and then allowed the spindles to reform synchronously while we monitored chromosome orientation (Figure lead to high rates of nondisjunction for the marked chromosome if we had not prevented them from entering 3A). Cells were arrested in metaphase I by expressing non-degradable Pds1 from the IME2 promoter. The anaphase. We suggest that the high rate of nondisjunction measured for mad2⌬ mutant cells results from small metaphase I arrested cells were treated with the microtubule poison benomyl, depolymerizing the spindle and defects in homolog biorientation. Our experiments do not address a mechanism for this repair function: Mad2 disrupting all homolog biorientation. Finally, the benomyl was removed, allowing metaphase I spindles to recould modify the spindle dynamics, kinetochore-microtubule attachments, or both. assemble and chromosomes to reorient. Spindles reform in all strains during the washing procedure needed This work suggests that the spindle checkpoint has two outputs, arresting the cell cycle and inducing mechto remove benomyl since the percentage of cells with metaphase I spindles did not change over the time anisms that speed the reorientation of misaligned chromosomes ( Figure 3C ). These two processes cooperate course (21% in wild-type, 15% in mad3⌬, and 18% in mad2⌬) (data not shown).
with each other to detect and correct defects in chromo- Because of this double role, even modest chore must release the microtubule that attaches it to one pole and replace it with a microtubule that emanates reductions in checkpoint function could lead to substantial chromosome nondisjunction. from the opposite pole. As Nicklas and his colleagues observed long ago, this reorientation occurs at higher rates in kinetochores that are not under tension [6] . We
